An unusual class of wheat germ tRNAs has been isolated which completely lacks ribothymidine (rT) and contains an unmodified uridine in its place. We discuss here the isolation, identification and properties of these tRNAs.
INTRODUCTION
Ribothymidine (rT or m^U) is the most common methylated nucleoside found in tRNAs. It is found in essentially all procaryotic tRNAs (with Micrococcus Luteus being an exception (44) ) and in most but not all eukaryotic elongator tRNAs (1-3). It is not found in rabbit liver tRNA G , ly and tRNA 2 yS (4), chicken liver tRNA Trp (8) and tRNA Val of bovine organs (7), mouse myeloma (5), human placenta (6, 40) and rabbit liver (41) . Adenosine replaces rT in all of the eukaryotic initiator tRNAs (5, (9) (10) (11) (12) (13) . Studies in hamster cell mitochondrial tRNAs have suggested a low rT content (14) . In leaf (1) . The role of rT in the tRNAs of procaryotes has recently been studied (17, 18) . In mixed population experiments cells possessing rT in their tRNA seemed to have a distinct advantage over cells lacking rT (17) .
We have previously reported that two wheat germ glycine tRNAs and three threonine tRNAs contain an unmodified uridine in place of rT (19) and have recently demonstrated that the absence of rT in wheat germ tRNAs is related to their efficiency in in vitro protein biosynthesis (20) . This class of tRNAs which contains an unmodified uridine in place of rT has also been observed in various bovine and fetal calf tissues (7) . In this study, we report the isolation, properties and structural features of a class of wheat germ tRNAs containing an unmodified uridine in place of rT. These tRNAs consist of all the detectable glycine isoacceptors, one tyrosine tRNA and, as previously described, three thronine tRNAs (19) . The glycine tRNAs have been characterized by chromatographic mobility, base composition analysis, codon responses and nucleotide sequence analysis.
MATERIALS AND METHODS
Crude wheat germ tRNA was prepared (21) , and benzoylated DEAE (BD)-cellulose and RPC-5 columns were run as previously described (22) . Methylation and amino acylation assays, RNase T^ and T2 analyses and the separation of mononucleotides were all performed as described previously (19, 22) .
The specific activities of the 1^C -glycine, ll!l C-threonlne and 14 C-SAM were each lOc/mole. Base composition analyses, jin vitro nucleoside labeling and the two-dimensional thin layer chromatography (2D-TLC) of nucleoside trialcohols were performed according to . %-labeled nucleoside trialcohols were cut out from cellulose plates and counted in Omnifluor-toluene. Protein synthesis studies were also performed as previously reported (20, 26) .
RESULTS (a) Purification of tRNAs Containing Uridine in Place of Ribothymidine
Crude wheat germ tRNA was initially fractionated on an RPC-5 column at pH 7.5 with a concave salt gradient as shown in Figure 1 . The column effluent was assayed for methyl acceptance with a crude preparation of I!, coli rT- . Fractional:ion of crude wheat germ tRNA on RPC-5 at neutral pH. 3700 A 260 units of crude wheat germ tRNA were applied to an RPC-5 column (1 x 175 cm) equilibrated with neutral buffer (0.01 M Tris pH 7.5, 0.01 M M g C^, and 1 mM Na 2 S203) containing 0.3 M NaCI. A concave gradient of 0.3 M to 0.9 M NaCI in neutral buffer (950 ml in the mixing chamber and 535 ml in the limit chamber) was generated. The column was run with a Milton Roy mini-pump at 2.6 ml/min and 7 ml/fraction. Methylation and aminoacylation assays were performed and the designated fractions (Methyl A, B and C) were pooled, precipitated overnight with two volumes of 95% ethanol, centrifuged, dried in a desiccator and then subjected to further chromatography.
forming uracil methyltransferase (U-methylase) and indicated two major groups of methyl-accepting tRNAs. Aminoacylation assays indicated one major peak of threonine acceptance and a complex distribution of glycine tRNAs.
The column run was divided into three parts (Methyl A,B &C), and each was subjected to further chromatography as shown in the flow chart ( Figure 2 ) . RPC-5 chromatography was performed at pH 4.5 on the pooled sections of the crude tRNA pattern. No significant purification was noted for Methyl A which comigrated with a glycine tRNA ( Figure 3A) . Methyl B was also applied to an RPC-5 (pH 4.5) column and separated into two methyl-acceptors, Methyl B-l and B-2 ( Figure 3B ). Methyl B-l comigrated with a threonine and a glycine tRNA but the methyl acceptance was insufficient to accommodate both tRNAs. Methyl B-2 eluted with another glycine tRNA but the level of methylation was much higher than the level of glycine aminoacylation. Methyl C was separated into three individual methyl-accepting tRNAs on an RPC-5 (pH 4.5) column ( Figure 3C ). Each of these comigrated with a glycine tRNA. acceptor. The three methyl-acceptors from this and similar runs were combined separately for further chromatography.
Methyl A was fractionated into two components on BD-cellulose at pH 4.5, and each comigrated with a glycine tRNA ( Figure 3D ). As judged by either methylation or aminoacylation, the two glycine tRNAs were 80% and 70% pure at their respective peaks (Table 1 ) . These tRNAs, referred to as A concave gradient of 0.3 M to 1 M NaCl in acidic buffer (130 ml in the mixing chamber and 64 ml in the limit chamber) was generated. The column was run with a Milton Roy mini-pump at 1.2 ml/min with 1 ml/fraction. Open circles refer to methylation with 1"*C-SAM, closed circles to aminoacylation with ^C-glycine, and triangles to aminoacylation with l*C-threonine. The Methyl A cut was taken as shown and subjected to further analysis. B) RPC-5 acid rechromatography of Methyl B. 213 A26O u n ' t s of Methyl B were applied to an RPC-5 column and run as described for Figure 3A . Methylation and aminoacylation assays were performed, and the resulting methylation peaks (Methyl B-l and Methyl B-2) were prepared for further purification. The methyl acceptor present as a front shoulder of Methyl B-l was not included in the pooled Methyl B-l. C) RPC-5 acid rechromatography of Methyl C. 232 A26O u n i t s °f Methyl C were applied to an RPC-5 column and run as described in Figure 3A . Methylation and aminoacylation assays were performed, and the resulting methyl acceptors (Methyl C-l, C-2 and C-3) were prepared for further chromatography. D) BD-cellulose acid rechromatography of Methyl A from RPC-5 acid chromatography. 98 A26O u n ' t s of Methyl A were applied to a BD-cellulose column (0.4 x 78 cm) equilibrated with 0.35 M NaCl in acidic buffer (see Figure 3A) . A concave gradient of 0.35 M to 0.75 M NaCl in acidic buffer (130 ml in the mixing chamber and 64 ml in the limit chamber) was generated. The column was run with Milton Roy mini-pump (100-150 psi) at 0.6 ml/min with 1.3 ml/fraction. The column was assayed for methyl and glycine acceptance.
Similar chromatography was performed on components Methyl B-l and B-2 ( Figure 4A , B ) . Methyl B-l ( Figure 4A ) consists of a minimum of three methyl-accepting tRNAs: the first is a glycine tRNA (^90% pure) referred to as tRNA5 ly (Table 1) ; the second comigrates with all of the threonine tRNA present; the third is a tyrosine tRNA which will be discussed below.
The methyl acceptance co-eluting with the threonine peak has been previously shown to be due to several threonine isoacceptors (19) . The Figure 5B  3D  3D  SA  5C  4A  4B  413   Table 1 aminoacylation and Aminoacylation (niroles/OD unit) 
Values o b t a i n e d a t t h e peaks of amino a c i d and rnethyl a c c e p t a n c e s .
Based on amino a c i d acceptance and using a value o f 1.4 nmoles/OD u n i t a s pure tRNA. Sequence a n a l y s i s on tRNA^ ( 1 . 4 -1 . 5 , nmoles/OD u n i t ) i n d i c a t e d no detectable impurities. Any value greater than 1.4 nmoles/OD unit is assumed to be 100% pure.
Values were obtained from fraction #180 of Fig. 4B Values may not accurately reflect the true levels of these individual isoacceptors due to partial overlapping of their chromatographic profiles. Figure 3D which was also run in essentially the same manner except that the concave gradient was 0.38 M to 0.8 M NaCl, with 1 ml/fraction. Methylation and aminoacylation assays were performed as indicated. B) BD-cellulose acid rechromatography of Methyl B-2. 92 A250 units of Methyl B-2 were applied to a BD-cellulose column which was run under the same experimental conditions described in Figure 4A . Methylation and aminoacylation assays were performed as indicated.
than the glycine acceptance; this may be due to another rT-lacking tRNA present in the rear shoulder of the peak which remains unidentified.
Acid rechromatography of Methyl C-2 on BD-cellulose yielded another rTlacking glycine tRNA ( Figure 5B ) which was the major species of wheat germ u n i t s of Methyl C-2 were applied to a BD-cellulose column which was run as described for Figure 5A . Methylation and aminoacylation assays were performed as indicated. C) BD-cellulose acid rechromatography of Methyl C-3. 81 A26O u m t s °f Methyl C-3 were applied to a BD-cellulose column as described ( Figure 5A ). Fractions were assayed for methyl and glycine acceptances as shown.
glycine tRNA (Table 1 ) . This tRNA was greater than 90% pure and is referred to as tRNA^-'-y. Wheat germ tRNA Gly eluted considerably earlier than any other glycine tRNA upon acidic BD-cellulose chromatography.
Methyl C-3 consisted of three additional rT-lacking tRNAs: the first was another glycine tRNA (tRNA^ ^, 95% pure); the second and third were less than 30% pure at their peaks and remain unknown ( Figure 5C ). A distinct methyl-accepting shoulder was present on the rear of tRNA, . This may be another rT-lacking glycine tRNA (>95% pure by aminoacylation) but it was not studied further due to its poor resolution from tRNA, ^. tRNA^f ^ was found to elute considerably later than the other glycine tRNAs on RPC-5 (pH 4.5) chromatography.
(b) Site of Methylatiori of Wheat Germ tRNAs
To determine the precise product of the methylation reaction and its position in wheat germ tRNAs, RNase T^ and T. analyses were performed on methylated crude wheat germ tRNA and on each of the purified methyl acceptors. In each case RNase T2 digestion followed by 2D TLC showed that all of the incorporated methyl label was found to be TMP (19) (data not shown) except in the case of tRNA Tnr discussed below. Several representative RNase T]_ digestion profiles are shown in Figure 6 (A-D) . In all cases, the majority of the labeled material comigrated with authentic TifiCGp. Occasionally, an earlier eluting peak was observed (for example, peak 1 of Figure 6A ) and this was found to be an over-digestion or breakdown product of TifiCGp (27) . The small peak eluting after Ti/iCGp with crude wheat germ • tRNA ( Figure 6A ) is also present in the purified threonine tRNA profile ( Figure 6C ) . This may be due to ari extra modification of the TifiCGp sequence or to a modification unrelated to rT and its tetranucleotide sequence. Upon RNase T 2 digestion, the labeled mononucleotide released from this peak was found to migrate with a significantly higher RF value than rT upon TLC (data not shown). This apparent extra modification was not observed with any other rT-lacking tRNA analyzed except tRNA^n r .
All of the above RNase digestion experiments are fully consistent with, but do not prove that the site of rT formation is at the 23rd position from the 3' end. This was confirmed upon the determination of the complete Gly nucleotide sequence of wheat germ tRNA j_ • As expected, this tRNA was found to contain an unmodified uridine at the 23rd position from the 3' end, and this uridine was the sole methylation site for the E. coli U-methylase (19, 27) . . DEAE cellulose (carbonate) chromatography of RNase T^ digested, in vitro methylated wheat germ tRNAs. A) A sample of crude wheat germ tRNA was methylated to completion. % methylated tRNA (60,000 CPM) was isolated by phenol extraction, digested with RNase T]_ and chromatographed on a DEAE cellulose (carbonate) column as previously described (19, 43) 92% of the applied material was recovered in peaks 1, 2 and 3. Samples were counted as described (A3). B) tRNA §£ v . Methylation was performed on 0.05 A 2 60 units of fraction #145 of Figure 3D after which 4 A 2 go units of crude tRNA was added as carrier and the mixture digested with RNase T]_. 97% of the applied label was recovered in peaks 1 and 2. C) tRNA Thr . Methylation was performed on 0.25 A 2 60 units of fraction #155 of Fig. 4A after which 4 A 2 gQ units of crude tRNA was added as carrier and the mixture digested with RNase Tj_. 100% of the applied label was recovered in peaks 1 and 2. The early eluting %-SAM peak does not appear, since the column was washed with 20 ml of 15 mM (NH^)2C03 prior to the start of the usual gradient. The peaks appear to elute slightly earlier compared to other column runs due to an increased fraction size (1.1 ml). D) tRNATyr. Methylation was performed on 0.05 A260 units of fraction #184 of Fig. 4B after which 4 A 2 6 0 units of crude tRNA was added as carrier and the mixture digested with RNase T^. 93% of the applied label was recovered in TtyCGp.
The tritium derivative method of Randerath (15, 23, 24) for the in vitro labeling of nucleosides was employed in these studies. 3riefly, the individual glycine tRNAs (>90% pure as determined by aminoacylation and methylation assays, see Table 1 ) were digested to nucleosides by treatment with a mixture of snake venom phosphodiesterase, pancreatic RNase and bacterial alkaline phosphatase. The resultant nucleosides were oxidized with sodium periodate and subsequently reduced with %-labeled potassium borohydride.
The 3 H-labeled nucleoside trialcohols (N 1 ) obtained from this treatment were separated by 2D TLC and were visualized by autoradiofluorography (28) . The presence of the majority of modified bases in tRNAs can be easily discerned by this procedure (24) . Four wheat germ glycine tRNAs (tRNA G £ 5 g) w e re analyzed by this technique, and all were found to give the pattern shown in Figure 7 . Individual spots were cut out, and the relative nucleoside composition of the tRNA molecules determined by liquid scintillation counting (see Table 2 ) . Since the complete nucleotide sequence of wheat germ t R N A y had been determined without using the jji vitro H post-labeling procedure,
we were able to directly confirm the accuracy and reproducibility of this method. As shown in Table 2 , there was an excellent correlation between the expected and observed base composition of tRNA ^y, and this was also true for model oligonucleotide fragments of known sequence (data not shown)
All of the glycine isoacceptors analyzed contained 3 to 4 residues of 5-methylcytidine per molecule, all possessed no rT, and all contained no new modified bases which were not also present in tRNA ^y. Only slight differences in the levels of specific modified bases were observed for the different glycine tRNAs tested. tRNA^^ have ^1.5 additional moles of guanosine per 100 nucleosides than tRNA G1 y, and tRNA Gly also contains ^2 1&4 5 additional adenosines and "V/1.5 less cytidines per 100 nucleosides than the other glycine isoacceptors.
(d) Protein Synthetic Activity of Glycine Isoacceptors
Individual species of glycine tRNAs were aminoacylated with H-glycine using a fractionated wheat germ extract free of tRNA and ribosomes. Following phenol extraction and ethanol precipitation, they were incubated with either poly G or poly (G,U) in a wheat germ cell-free protein synthesizing system as previously described (20, 26) . As shown in Table 3 , all of the glycine tRNAs responded to poly (G,U), and only tRNA2^ had activity with poly G. The activity of tRNA 2b y with poly (G,U) is probably due to contamination with tRNA;J v due to the considerable overlap between these two tRNAs (see Figure 3D ). tRNA G^ may also be a contaminant of tRNA^y due to their very similar chromatographic mobility (see Figures 3D and 4A ).
DISCUSSION (a) The Ribothymidine-lacking tRNAs of Wheat Germ
We have isolated and characterized a class of eukaryotic tRNAs which completely lack ribothymidine and have an unmodified uridine in its place. In wheat germ, these tRNAs consist for the most part of all the isoaccepting species of glycine tRNA, in addition to a species of tyrosine tRNA and several isoaccepting species of threonine tRNA (19) . 1.27(+.14; 5.21U.14) 1.26I+.14) 1.37I+.14) Values have been decreased by 4% to account for excessive recoveries observed with oligonucleotide fragments of known sequence. This phenomenon has been observed by others (23, 42) . Table 3 Protein synthetic a c t i v i t y of various glycine tRNAs with s y n t h e t i c polymers containing glycine codons codon response, column chromatographic mobility, base composition, and nucleotide sequence analysis. All of the isolated glycine tRNAs polymerize glycine in response to poly (G,U) and only t R N A^ has activity with poly G (see Table 3 ). All of the glycine isoacceptors elute early upon BD-cellulose chromatography (pH 4.5) and possess a high level of 5-methylcytidine (m^c) (3-4 residues/molecule). This is considerably non-random since the average m^C content of total crude wheat germ tRNA is 1.4 residues/molecule (29) .
Several shoulders are present on a number of the BD-cellulose (pH 4. (Tables 2 and 3 ) . However, tRNA ^ was the latest eluting glycine isoacceptor on all chromatographic profiles, while tRNA ^y was the earliest eluting tRNA on BD -ellulose (pH 4.5) and also elutes considerably before tRNA G £ y on RPC-5 (pH 4..") chromatography ( Figure 3C ) . The amount of tRNA G 4 y was found to be reproducible and no evidence of tRNA ^ was noted upon rechromatography of 95% pure tRNA ^'. Consequently, tRNA ^y would appear to have a different structure than tRNA ^ . tRNA2^, y must be different from tRNA^1^ 5 6 since it is the only tRNA that has activity with poly G. Some of the glycine isoacceptors which were isolated, however, may be the same tRNA, thus tRNA. wheat germ tRNA and purified tRNA J y are not acceptable substrates of crude wheat germ U-methylase, while crude rabbit liver tRNA is methylated to pro-duce rT (data not shown). This suggests that these specific rT-lacking tRNAs are not acceptable substrates of the endogenous wheat germ U-methylase and do not lack rT merely due to some cellular compartmentalization mechanism in vivo.
The complete nucleotide sequence of the major species of wheat germ tRNA v (tRNA ];>) has been determined and is shown in Figure 8 . Details of The existence of a class of tRNAs containing an unmodified uridine in place of rT is especially significant in view of the evidence suggesting that rT and the tetranucleotide in which it is located are involved directly in the role of a tRNA in protein biosynthesis (5, (9) (10) (11) (31) (32) (33) (34) (35) (36) . The ribothymidine-lacking tRNAs of wheat germ and specifically tRNA G^v have been found to function significantly more efficiently in a wheat germ cell-free system when lacking rT, and the inhibitory effect of rT can be reversed by an optimum level of the polyamine spermine (20) . This inhibitory effect on cell-free protein synthesis resulting from JJI vitro rT formation in specific wheat germ tRNAs may explain the absence of rT in these tRNAs in vivo. These observations may be indicative of some compensatory alterations in the structure and conformation of these tRNAs which are a direct consequence of their lack of rT. The presence of tRNAs containing an unmodified uridine in place of rT is not limited to wheat germ, but has also been found in various bovine and fetal calf tissues (7), in human placenta (6, 40) , in mouse myeloma (5) and recently in rabbit liver (41) .
A comparison of the structure of wheat germ tRNA j^ with mouse myeloma, rabbit liver and human placenta tRNA A correlation between iirC and rT in mammalian tRNAs has been proposed (6) .
Assuming that these altered regions of the tRNA molecule are possible sites of compensatory change for the lack of rT, it would appear that yeast tRNA^al and yeast tRNA Gly do not require such modifications since zazD they possess rT. However, after all these structural comparisons are Glv made, only a few sites on the wheat germ tRNA .' molecule remain which may serve as candidates in this compensatory hypothesis for rT function (Figure 8 ) . Consequently, this view may either be a simplistic one which requires other unknown features of tRNA structure or our findings may suggest the importance of subtle base modifications in determining the overall functional competency of tRNA molecules. Further evidence to substantiate or disprove these possibilities awaits the elucidation of other nucleotide sequences of this interesting class of eukaryotic tRNAs.
